Protein kinase A, a cyclic adenosine monophosphate (AMP)-dependent enzyme, normally exists within mammalian cells; however, in cancer cells, it can leak out and be found in the serum.
| INTRODUCTION
An early cancer diagnosis is important not only in humans 1, 2 but also in companion animals, 3 and can lead to better quality of life and longevity by allowing early and appropriate treatment. 1, 2 However, most cancers in dogs are detected by imaging or histopathology when it is too late to treat them.
Protein kinase A (PKA) is a cyclic adenosine monophosphate (AMP)-dependent enzyme that participates in the proliferation, differentiation, metabolism and apoptosis of cells in mammals. 4 PKA can leak out of cancer cells; when this occurs, it is known as extracellular cyclic AMP-dependent protein kinase A (ECPKA). 5 ECPKA has been found to be higher in serum samples from human patients with cancer than in those from individuals without cancer, suggesting its potential as a powerful diagnostic marker of cancer in humans. [5] [6] [7] [8] In a previous study, we demonstrated a significant elevation in ECPKA levels in serum samples from dogs with cancer and suggested that ECPKA could be an important candidate diagnostic biomarker of canine malignancy. 9 However, although ECPKA is a powerful predictor of canine cancer, it is a fragile enzyme in certain situations. For example, it has only 20% activity after two freeze-thaw cycles. 6 Therefore, detection of ECPKA autoantibodies (ECPKA-Ab) in serum has been investigated for many years in human medicine, and it has been demonstrated that an elevated serum ECPKA-Ab level has better diagnostic value for cancer than ECPKA alone. 10 However, as of yet, there have been no reports in the veterinary literature on serum ECPKA-Ab expression in dogs with cancer. Therefore, we have been interested in whether the serum ECPKA-Ab level could be a stable and accurate diagnostic biomarker of cancer in dogs.
C-reactive protein (CRP) is well known to be secreted in the acute phase of inflammation and is also a marker of cancer. 11, 12 CRP levels have been shown to be significantly higher in human patients with colorectal, lung, prostate and breast cancers than in controls. [13] [14] [15] [16] Various hypotheses have been put forward to explain why inflammation is a risk factor for cancer and why it occurs when cancer progresses. 16 Several veterinary oncology researchers have suggested that elevation of serum CRP is not necessarily diagnostic of cancer in dogs, 17, 18 even though CRP expression has been found to be higher in dogs with malignancy than in those without the disease and to indicate the stage of cancer progression. 19, 20 However, Selting et al. demonstrated that the serum thymidine kinase 1 activity and CRP levels in the serum of dogs with cancer have high diagnostic value as markers of canine malignancy. [21] [22] [23] They showed that the thymidine kinase 1 activity was high in dogs with hemangiosarcoma and other malignant canine tumours and that a combination of thymidine kinase 1 activity and CRP expression levels had increased the diagnostic accuracy for detection of cancer. Therefore, CRP might be used as an adjunct to other serum biomarkers to improve our ability to diagnose cancer in dogs.
The objectives of this study were to evaluate the diagnostic significance of ECPKA-Ab in canine malignancy and to determine if combined measurement of CRP and ECPKA-Ab levels in serum improves diagnostic accuracy for detection of cancer in dogs.
| MATERIALS AND METHODS

| Animals and samples
Four hundred and eighty-seven privately owned dogs (123 control   dogs with no known disease, 42 with benign tumours, 167 with malignant tumours, and 155 Malignant tumours were diagnosed by cytology or/and histopathology.
One hundred and twenty-three controls with no known disease visited the animal clinic for neutralization or regular checkup and were confirmed to have no abnormalities based on medical examination. All experiments were approved by and followed the policies and regulations of the Laboratory Animals Institutional Animal Care and Use Committee (SNU-180130-2; Seoul National University, Seoul, Korea).
| ECPKA autoantibody ELISA
The presence and level of ECPKA-Ab in canine serum samples were assessed by enzyme-linked immunosorbent assay (ELISA). First, 100 μL of canine serum samples diluted 500-fold in reagent diluent were added to 96-well ELISA plates pre-coated with canine PKA Cα and incubated for 1 hour at room temperature. The plates were then incubated further with anti-dog immunoglobulin G:horseradish peroxidase antibodies for 1 hour at room temperature in a dark room. Next, the plates were developed with 3,3 0 ,5,5 0 -tetramethylbenzidine substrate solution for 15 minutes at room temperature. The reaction was stopped with 50 μL of stop solution. Absorbance was determined at 450 nm using a scanning multi-well spectrophotometer (Molecular Devices, Sunnyvale, California).
| Canine CRP ELISA
The serum CRP concentration was assessed using a canine CRP ELISA kit (Abcam, Cambridge, UK) following the manufacturer's instructions.
Briefly, 100 μL of canine serum samples diluted in reagent diluent were added to 96-well ELISA plates pre-coated with anti-canine CRP antibodies and incubated for 10 minutes at room temperature. After washing, 100 μL of the enzyme-antibody conjugate was added to the plates, followed by incubation for 10 minutes at room temperature in the dark.
The plates were then developed with 3,3 0 ,5,5 0 -tetramethylbenzidine substrate solution for 5 minutes at room temperature, and the reaction was stopped with 100 μL of stop solution. Absorbance was determined at 450 nm with a scanning multi-well spectrophotometer (molecular devices).
| Statistical analysis
The data were tested for normality using the Shapiro-Wilk test. Differences between more than two groups were analysed using one-way ANOVA, and the differences between two groups were analysed using the t-test, all of which were in parametric distribution. The Bonferroni test was used as post-hoc analysis after the one-way ANOVA test. Differences between more than two groups were analysed using the Kruskal-Wallis test and differences between two groups were 
| RESULTS
We tested serum samples from 167 dogs with a diagnosis of cancer and 320 dogs without a diagnosis of cancer, including those that were considered to be healthy or with a benign tumour or non-tumour disease. The signalment data are summarized in Table 1 . The median age of the total study population was 10.00 (range: 0.25-18.00) years and the main breeds were Maltese (n = 95) and Shih-tzu (n = 71). The cancers were categorized according to the cell of origin-carcinoma, sarcoma, haematopoietic lymphoreticular or neuroendocrine. The final diagnoses in the group of dogs with cancer (n = 167) are shown in , and one with a neuroendocrine tumour (pheochromocytoma). The three dogs with leukaemia had either chronic lymphocytic leukaemia (n = 2) or acute megakaryocytic leukaemia (n = 1). The diseases in the 155 dogs in the non-tumour group are categorized according to organ system in Table 3 . The most common diseases were cardiovascular (n = 42) and urologic (n = 30).
The serum ECPKA-Ab level was analysed by ELISA ( Figure 1 ). The median ECPKA-Ab levels in the cancer, benign tumour, non-tumour disease, and healthy control groups were 6540.0 (range: 1665-31 900) ng/mM, 3995.0 (range: 1875-8870) ng/mL, 3695.0 (range: 890-11 900) ng/mL, and 3717.6 (range: 1455-7153) ng/mL, respectively. The median ECPKA-Ab level in the cancer group was significantly higher than the levels in the benign tumour, non-tumour disease and healthy groups (all P < 0.0001, Kruskal-Wallis test). The median ECPKA-Ab levels in the dogs with carcinoma, sarcoma and The NI derived from the ECPKA-Ab and CRP levels is shown in Figure 1E , F. The NI was higher in the cancer group than in the benign tumour, non-tumour disease and healthy study groups (all P < 0.001, Kruskal-Wallis test). The subcategories in the cancer group had significantly high NI values ( Figure 1F) .
A ROC analysis was then performed to evaluate the value of ECPKA-Ab and NI as diagnostic biomarkers of cancer when all dogs in the study population were classified according to whether they did or did not have cancer (Figure 2) . The non-cancer group included the benign tumour, non-tumour disease and healthy study groups. Both the ECPKA-Ab level and the NI value were significantly higher in the cancer group (both P < 0.001, Mann-Whitney U-test). The area under the receiver-operating characteristic curve (AUROC) was 0.86 for the ECPKA-Ab level and 0.89 for the NI value. The diagnostic accuracy of the combination of ECPKA-Ab and NI is shown in Table 4 .
To determine whether the ECPKA-Ab level or NI increases in certain diseases, the values for these parameters were analysed by type of disease ( Figure 3) ; there was no significant difference in either of 
| DISCUSSION
The purpose of this study was to determine the presence and level of ECPKA-Ab in canine serum and to evaluate the value of ECPKA-Ab as a biomarker of canine cancer. ECPKA-Ab were detected in canine serum and at higher levels in the cancer group than in the non-cancer group. The CRP level was also increased in the cancer group, and the NI, developed by regression analysis of both ECPKA-Ab and CRP, had a higher AUROC than ECPKA-Ab alone when both NI and ECPKA-Ab had an AUROC >0.85.
The finding of a significantly higher serum ECPKA-Ab level in dogs with cancer in our present study (Figures 1 and 2) is consistent with our previous findings in dogs. 9 Moreover, when the cancers were classified, as shown in Table 2 , the ECPKA-Ab level was found to be increased regardless of the cell of origin ( Figure 1B) and was significantly higher in the cancer group than in the healthy group; this finding has also been reported in human patients. 24 There are many other studies in the human literature that report the ECPKA-Ab level is increased in patients with various types of cancer. [25] [26] [27] Therefore, the ECPKA autoantibody is regarded as a universal cancer biomarker. 27 Whereas other specific biomarkers can detect only one specific type of cancer, for example, prostate-specific antigen for prostate cancer and α-fetoprotein for liver cancer, 27 ECPKA-Ab can be used to detect various types of malignancies. Furthermore, based on our findings, it may be possible for ECPKA-Ab to be used as a screening marker for occult cancer, considering that cancer in most dogs progresses subclinically and frequently goes undetected using conventional blood tests. It is ideal for the screening biomarker used to diagnose occulting cancer to have a high sensitivity >90%, but considering that most dogs with cancer are diagnosed at the late stages-when clinical symptoms have begun to manifest-this marker could be a clinically meaningful biomarker. Additionally, the ECPKA-Ab level can be used to help predict the risk of malignancy in dogs with masses already detected by physical examination or imaging, as this level is not increased in the serum of dogs with benign tumours (Figure 1) . Biopsy is the standard procedure for confirming whether a mass is cancerous or benign, however, it has several limitations in clinical use, including issues with anaesthesia, haemorrhage in coagulopathy, and accessibility. Cytology is a simple diagnostic method that is used clinically, and although it has a high specificity, the sensitivity is low. Therefore, ECPKA-Ab levels can provide additional information to determine whether the mass is malignant or benign.
In the present study, we did not compare the ECPKA and ECPKA-Ab levels within the same samples, so it was not possible to compare the diagnostic accuracy of ECPKA with that of ECPKA-Ab. However,
given the findings of studies in humans, 10, 24 the diagnostic accuracy of ECPKA-Ab would be expected to be better than that of ECPKA in dogs. The diagnostic accuracy achieved using autoantibodies of several biomarkers of cancer, for example, α-fetoprotein (liver cancer) and CA125 (ovarian cancer), has been compared with that of the biomarkers alone in the detection of cancer. 24 The presence of ECPKA-Ab in human serum has been confirmed, and its usefulness in the diagnosis of human cancer has been suggested. [24] [25] [26] In the present study, the NI had a higher AUROC and higher sensitivity, specificity, and accuracy than ECPKA-Ab alone (Figure 2 , Table 4 ), indicating that ECPKA-Ab is a more powerful biomarker of cancer when combined with CRP. This result is very similar to the findings for thymidine kinase 1 activity reported by Selting et al. 21, 22 In their studies, thymidine kinase 1 activity was used as a serum biomarker of cancer in dogs, and its diagnostic accuracy was improved when used with CRP. As in other studies that have demonstrated an increased CRP level in dogs with cancer, 17, 18 we found a significantly higher CRP level in dogs with cancer than in those without cancer To determine whether a specific variable other than cancer could lead to a high ECPKA-Ab level in canine serum, we analysed the effect of sex, castration stratus, breed and type of non-tumour disease. We found no significant effect of sex, castration status, or breed in this study. However, only a few breeds and a small number of dogs per breed were included in this investigation; thus, it is possible that another result could be obtained in a different study sample with different breeds. Furthermore, there was no significant variation in the ECPKA-Ab level according to type of disease in the non-tumour disease group (Figure 3) . However, the spectrum of disease included in this patient group was not necessarily representative, so the ECPKA-Ab level should be further investigated in various diseases. In particular, immune-mediated diseases that result from self-perpetuating Bcells and autoantibodies 31 need to be studied in more detail to assess their potential effect on the ECPKA-Ab level. Moreover, the main immune-mediated disease in the present study was atopic dermatitis with lesser numbers of patients with immune-mediated haemolytic anaemia or thrombocytopenia. Studies that include larger numbers of patients with these and other autoimmune diseases are needed.
The causes of false-negative canine cases, that is, dogs with cancer and low ECPKA-Ab levels, also need to be investigated. ECPKA-Ab consists mainly of immunoglobulin G, which has antibody-forming ability in the body and could affect the ECPKA-Ab level. It is presumed that if a dog with cancer is immunosuppressed, its ability to form antibodies would decrease and the ECPKA-Ab level would be low. Furthermore, follow-up investigations are required to confirm the relationship between occult cancer and survival. Additional studies are also needed to determine whether the ECPKA-Ab level and the NI value can be used for therapeutic monitoring.
In summary, we have shown that the ECPKA-Ab level and the NI value are meaningful serum biomarkers of canine cancer. In the present study, dogs with cancer had higher ECPKA-Ab levels than those without cancer and a combination of the ECPKA-Ab and CRP levels had increased the diagnostic accuracy for detecting cancer. Therefore, this combination of biomarkers may help to improve the efficacy of cancer treatment by increasing the diagnosis rate-even in dogs with cancer that appear clinically healthy.
